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Abstract
Internal traverse grinding with electroplated cBN wheels using high-speed process conditions combines high material removal rates and a high
surface quality of the workpiece in one single grinding stroke. In order to capture the macroscopic and mesoscopic thermo-mechanical loads
onto the workpiece during internal traverse grinding, numerical simulations are conducted at the two scales. This results in a hybrid approach
coupling two ﬁnite element models with a geometric kinematic simulation. The article focuses on the inﬂuence of multiple grain engagements
onto a surface layer region using a two-dimensional chip formation simulation.
© 2016 The Authors. Published by Elsevier B.V.
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1. Introduction
High-speed internal traverse grinding (ITG) with electro-
plated cBN grinding wheels meets the industrial requirements
of high material removal rates and high form quality in the hard
machining of bores. In contrast to the plunge grinding pro-
cess, the ITG grinding wheel possesses a small width of only
a few millimetres and is divided in two functional zones us-
ing the peel variant. Most of the material removal takes place
in the conical roughing zone, whereas the ﬁnal surface forma-
tion is generated in the cylindrical ﬁnishing zone. In order to
achieve high surface qualities, the single-layer cBN wheel can
be touch-dressed by truing tools resulting in a smoothing of
the workpiece topography during the process [1]. According
to the process conditions, the thermo-mechanical loads during
ITG are concentrated on a small contact area which may have
a negative eﬀect on the surface integrity of the ﬁnished work-
piece [1]. In contrast to other machining processes, the material
removal during grinding is constituted by multiple subsequent
grit engagements. Hence, the surface integrity of the resulting
surface is not only dependent on the last grain in contact, but on
the entire engagement history of the material region under con-
sideration. In the regime of process simulations, the modiﬁed
initial conditions for a single grain simulation should be taken
into account, if one aims at the prediction of surface integrity
quantities.
Nomenclature
vs Grinding wheel velocity, circumferential
vw Workpiece velocity, circumferential
vfa Axial feed velocity
hcu (Single grain) undeformed chip thickness
hmax Maximum height after cut
hmin Minimum height before cut
t Time step
 Workpiece material mass density
θ, θ0 Temperature, reference temperature
c(θ) Temperature dependent heat capacity
Δzps Plane strain thickness of the meso-scale FE model
In the present work, a numerical study is performed to es-
timate the inﬂuence of multiple grain engagements onto the
surface layer and the chip formation. A hybrid modelling ap-
proach is used, combining a two-dimensional ﬁnite element
(FE) model on a meso-scale and a geometric-kinematic sim-
ulation, cf. [2]. The FE model determines the local loads to
be applied onto the workpiece as a function of the undeformed
single grain chip thickness hcu, the grain rake angle γ and the
grinding wheel velocity vs. In order to estimate the chronolog-
ical sequence of hcu for a deﬁned section of the workpiece, the
geometric-kinematic simulation is used.
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Table 1. Geometric-kinematic simulation parameters
Description Parameter/Type Value Unit
Workpiece material AISI 52100 60-64 HRC
Grinding wheel Electroplated cBN B181
Roughing zone angle χ 7.5 ◦
Width of roughing zone wrz 4 mm
Width of ﬁnishing zone wfz 4 mm
Total touch-dressing removal aed,td 16 μm
Workpiece velocity vw 2 m/s
Grinding wheel velocity vs 120 m/s
Axial feed a f 0.75 mm
Total radial stock removal ae,tot 0.15 mm
Lateral dexel grid resolution Δres 6.25 μm
2. Geometric-kinematic simulation
The global material removal in grinding processes results
from numerous single grain engagements. In order to estimate
the meso-scale parameters during grinding, e.g. hcu, geometric-
kinematic simulations can be used, considering the topography
of the grinding wheel [3,4]. The workpiece and the tool in this
type of simulation can be built up by diﬀerent modelling tech-
niques, such as dexel and wire- or point-based methods or con-
structive solid geometry (CSG), cf. [5].
In the present ITG simulation approach, the grinding wheel
and the grits, respectively, are represented by CSG elements,
cf. [6]. According to the ideal growth of cBN, [7], the grains
are deﬁned as an intersection of a cube, an octahedron and a
tetrahedron. By manipulating the size of these three primitives,
diﬀerent grain shapes can be generated. The protrusion heights
of the grains and the grit size are represented in the simula-
tion by distributions based on microscopy measurements, cf.
[8]. Prior to the simulation procedure, the workpiece dexels
are generated with the initial diameter of the workpiece and the
grinding grains are located relative to the macro-scale geometry
of the grinding wheel and in conformity with the corresponding
distributions, see Fig. 1.
To represent the touch-dressing within the simulation, the
grains are intersected with an ideal cylinder according to the
touch-dressing diameter resulting in a ﬂattening of the grains in
the ﬁnishing zone. In every simulation step, the workpiece and
the tool model are moved corresponding to the process kine-
matics of ITG. When a CSG-grain comes in contact with the
workpiece dexels, the numerical material removal is computed
by an intersection between both elements resulting in the reduc-
tion of the length of the dexel. The simulation parameters used
in the present study are depicted in Table 1.
In order to determine hcu in a deﬁned section of the work-
piece as input values for the FE chip formation model, the
chronological sequence of this value has to be estimated for
a representative dexel over the entire process. In geometric-
kinematic simulations, hcu can be estimated by the diﬀerence
between the maximal dexel height before the cut and the min-
imum dexel height after the cut [9], cf. Fig. 1b. When a grain
penetrates the workpiece, this calculation is performed by di-
viding the contact area of the grain and the dexel grid in cutting
slices according to the y-coordinate in the dexel grid (Fig. 1c).
By using such a procedure, the local hcu can be calculated for
every grain engagement, which is shown for an example grain
in Fig. 2. Furthermore, the current stage of the workpiece to-
Fig. 1. Structure and procedure for geometric-kinematic modelling of ITG:
a) Cross-sectional view of the modelled grinding wheel and the CSG-grains:
The workpiece dexel grid (black lines) and the representative dexel (green line)
move with an axial feed per workpiece revolution a f in axial direction and
rotate with the workpiece circumferential velocity vw. b) Cross-sectional view
A-A: Estimation of hcu. c) Cross-sectonial view B-B: Dexel grid deﬁnition
according to the direction.
Fig. 2. Locally calculated hcu within the contact area between grain and dexel
grid at two diﬀerent time steps t1 (a) and ti+3 (b). The green area denotes the
representative dexel. Note the diﬀerence of the contact area shape between
subﬁgures a) and b) due to the changing engagement conditions.
pography and the grain cutting path can be aﬀected by the hcu
progress over the grain engagement at the representative dexel
(Fig. 2a and b). For further considerations, the average hcu is
estimated per grain engagement.
In Fig. 3, the chronological sequence of hcu for the repre-
sentative dexel pointed out in Fig. 2 is depicted. The material
removal at this certain position is plotted against workpiece rev-
olutions (as in Fig. 1a), showing hcu of the currently engaging
grain, which is represented by its unique colour. The major ma-
terial removal takes place within the second revolution of the
workpiece, which is due to the high material removal rate in the
roughing zone of the tool. In the roughing zone region at work-
piece revolution 2, it can be observed that the same grain cuts
the exact same workpiece region twice, see Fig. 3, dark blue
and dark green bars. As can be seen, the hcu decreases with in-
creasing workpiece revolutions, which means that the position
of the representative dexel comes in contact with the grains of
the ﬁnishing zone, cf. Fig. 1. With respect to the position of
the representative dexel, the entire material removal takes place
conducting 13 grain engagements in total. The hcu sequence of
grain engagements computed with respect to this representative
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Fig. 3. Chronological single grain chip thickness hcu resulting from the
geometric-kinematic simulation of the representative dexel pointed out in Fig.
2. The circled numbers denote the revolution number of the tool, each color
represents one unique grain. The blue bar emphasised with A corresponds to
the ﬁrst meso-scale simulation with hcu,1 = 35 μm applied, the red bar anno-
tated with B corresponds to hcu,2 = 20 μm.
dexel is subsequently transferred to the meso-scale FE-model
as an input value.
3. Meso-scale ﬁnite element simulation
This component of the present simulation framework con-
sists of a fully parametric, thermo-mechanically coupled and h-
adaptive ﬁnite-element simulation assuming plane strain con-
ditions. The underlying material model combines large-strain
isotropic von Mises plasticity with a Johnson-Cook type yield
surface that is extended with a softening approach, representing
ductile damage of the workpiece material under consideration,
cf. [8].
To study the inﬂuence of multiple grain engagements at one
ﬁxed workpiece region, two cases are investigated. At con-
stant cutting speed vs = 120m/s and at a constant rake angle
of γ = −40◦, the same undeformed chip thickness sequence
hcu,1 = hcu,2 = 35 μm will be applied twice as a ﬁrst case. As a
second study, the latter parameter will be applied in a sequence
according to Fig. 3, namely hcu,1 = 35 μm → hcu,2 = 20 μm,
restricted to the ﬁrst two grain engagements at this stage. The
respective boundary value problem is described in more detail
in [2].
4. Results
Figures 6 and 7 show the temperature and equivalent plastic
strain contour plots for intermediate states of the second grain
engagements for both hcu,2 applied in the meso-scale FE model.
It can be stated that the chip structure diﬀers strongly even at
constant undeformed chip thickness hcu,1 = hcu,2 = 35 μm,
which results from the pre-heating and the deterioration of the
workpiece material due to the ductile damage implemented in
the constitutive material model. Since the damage model used
here strongly depends on the equivalent plastic strain, cf. [8],
the green areas in Fig. 7 represent softened material. This in
turn explains the ﬂow chip formation occurring at hcu,2 = 20 μm
and the reduced segmentation at hcu,2 = 35 μm in contrast to the
strongly segmented chip of the ﬁrst grain engagement.
In Fig. 4, the absolute heat induced into the remaining work-
piece volume Ω after grain engagement
Q(hcu, γ, vs, t) =
∫
Ω

∫ θ
θ0
c(θ)dθ dV, (1)
Fig. 4. Absolute heat energy Q (dashed lines), according linear regression Qlin
(solid lines) and resulting heat source term r (dash-dotted line, right hand side
y axis). The blue line represents the ﬁrst grain engagement at hcu,1 = 35 μm,
the dark magenta line depicts the second engagement at the same hcu,2 = 35
μm and the light blue line refers to the second engagement with hcu,2 = 20 μm.
Note, that for the linear regression, the ﬁrst 15% of the simulation time (vertical
dashed black line) were not considered to neglect the run-up eﬀects of the chip
formation process.
Fig. 5. Force components and their mean values. The colour coding equals the
one used in Fig. 4.
and the resulting heat source term (for vs = const.)
r(hcu, γ, vs) =
ΔQlin
ΔVchip
=
dQlin/dt
hcu Δzps vs
, (2)
reﬂecting the heat energy induced into the workpiece per de-
formed chip volume are depicted for both sequences of grain
engagement. Note, that the depicted Q reﬂects the integral en-
ergy rise over the entire remaining workpiece volume Ω, which
explains why the second engagement graphs (light blue and ma-
genta lines) show a steeper slope than the ﬁrst grain. Concern-
ing the heat source r, the large diﬀerence of the second engage-
ment with lower hcu in comparison to the other values results
from the weighting with the inverse chip volume according to
Eq. (2).
Interestingly, the lower second undeformed chip thick-
ness (light blue line) results in a higher energy rise than
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Fig. 6. Temperature contour plot (unit K) when applying a second undeformed chip thickness of hcu,2 = 35 μm. Note, that the lines of higher temperature within
the second grain depict the occurring shear bands during this high-speed grinding process.
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Fig. 7. Equivalent plastic strain contour plot (no unit) when applying a second undeformed chip thickness hcu,2 = 20 μm. Since the tool is entirely constrained by
Dirichlet boundary conditions, no deformation occurs for this body. Note, that the workpiece surface areas depicted in green refer to softened, or partly damaged
material.
hcu,2 = 35 μm, which is caused by the integral character of the
measure Q, compare Eq. (1). Since a lower amount of al-
ready heated material is deformed into the newly built-up chip,
the heat remaining in the workpiece volume Ω is higher for
hcu,2 = 35 μm.
The resulting cutting forces obtained from the simulations
are shown in Fig. 5. It can be observed that the normal compo-
nent Fy is generally higher than the tangential component Fx,
which results from the constant rake angle γ. Due to the damage
occurring, the diﬀerence between these components decreases
from the ﬁrst to the second grain engagement. The same cause
can be taken into account when comparing the ﬁrst engagement
(blue lines) with the second one when applying the same hcu
twice (magenta lines). Obviously, the second pass of the grain
consumes approximately 35% less mechanical energy
∫
Fx dx
than the ﬁrst pass, although the integral induced thermal energy
rate dQlin/dt increases by approximately 15%.
5. Conclusion and outlook
In this work, a numerical case study invoking a hybrid sim-
ulation system was used to examine the grain engagement his-
tory at one ﬁxed workpiece region in the regime of ITG. It could
be shown that there is a strong ﬂuctuation in engagement con-
ditions, even in the same region, demanding further investiga-
tions to deﬁne a mathematical measure that covers e.g. typical
sequences of hcu for the entire workpiece.
Numerical investigations on the meso-scale have shown a
strong inﬂuence on the thermal eﬀects resulting from the gov-
erning grinding process, causing a higher thermal load on the
workpiece, especially when smaller undeformed chip thick-
nesses occur. Hence, a high impact on the surface integrity of
the workpiece can be expected.
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